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(54) Pattern formation method and apparatus 

(57) The problem of bending or distortion of patterns 
in a fine pattern formation method used in the fabrication 
of semiconductors is solved by a pattem formation 
method using a supercritical fluid for drying. Such a 
method can comprise the steps of forming a resist pat- 
tern layer; performing a rinse process by exposing said 
resist pattem layer to a rinse solution; supplying super- 
critical carbon dioxide having a pressure of not more 



than 8.5 MPa to an ambient of said substrate, after the 
rinse process and before the rinse solution sticking to 
said layer dries out, and vaporizing said supercritical 
carbon dbxide by lowering the pressure of the ambient 
of said substrate. In another embodiment a processing 
fluid not in the gaseous state is supplied to an ambient 
of the substrate, followed by a supercritical fluid being 
supplied to the ambient of the substrate, the processing 
fluid being a gas in steady state. 
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Description 

Background of the Invention 

[0001] The present invention relates to a pattern formation method and apparatus for forming fine patterns used in 
the fabrication of semiconductor devices and, more particularly, to a method and apparatus tor performing development 
and drying in fomning such fine patterns by lithography. 

[0002] Recently, with increasing scale of IVIOSLSIs, the chip sizes are increasing, and pattems in LSI fabrication are 
shrinking; nowadays, patterns having line widths of less than 100 nm are formed. This narrowing of lines results in the 
formatbn of patterns having high aspect ratios (heightAwidth). 

[0003] Also, the formation of fine pattems necessarily increases the aspect ratios of resist pattems as processing 
masks used In the etching process. These resist pattems can be formed by processing a resist film as an organic 
material by lithography. That is, when a resist film is exposed to light, the molecular weight or the molecular structure 
in the exposed region changes to produce a difference In solubility in a developer between this exposed region and 
the unexposed region. By using this difference patterns can be formed in the resist film by development. If this devel- 
opment continues, even the unexposed region starts dissolving in the developer and the pattems vanish. Therefore, 
rinsing is performed using a rinse solution to stop the devebpment. Finally, the rinse solution is removed by drying to 
form resist patterns as processing masks in the resist film. 

[0004] One major problem encountered when drying is performed in such fine pattern formation is the bending or 
distortion of pattems 1701 as shown in the sectional view of Fig. 17. That is, such fine resist pattems having a high 
aspect ratio are formed through rinsing and drying after development. High-aspect-ratto fine pattems are not restricted 
to resist pattems. For example, substrate pattems with a high aspect ratio are formed through cleaning, rinsing (wash- 
ing), and drying after a substrate is etched using resist patterns as masks. During the drying after the rinsing process, 
the pattems 1701 bend toward each other This phenomenon becomes conspicuous as the aspect ratio of the pattems 
1701 increases. As shown in Fig. IB, this phenomenon is caused by a bending force (capillary force) 1810 exerted by 
a pressure difference between a rinse solution 1802 remaining between patterns 1801 and outside air 1803 when a 
resist or a substrate is dried. It is reported that this capillary force 1810 depends on the surface tension produced by 
the liquid/gas interface between the rinse solution 1802 and the patterns 1801 (reference: Applied Physics Letters, 
Volume 66, pp. 2655 - 2657, 1995). This capillary force not only bends resist patterns made from an organic material 
but also has power to distort even strong pattems made from, e.g., silicon, an inorganic material. This makes the 
aforesaid problem of the surface tension of rinse solution very important. This capillary force problem can be solved 
by processing using a rinse solution with small surface tension. For example, when water is used as a rinse solution, 
the surface tension of water is about 72 dyn/cm. However, the surface tension of methanol is about 23 dyn/cm. There- 
fore, the degree of pattern bending or col lapse is suppressed more when water is replaced with ethanol and the ethanol 
is dried, than when water Is directly dried. Furthermore, pattern bending is more effectively suppressed when the rinse 
solution is replaced with a perfluorocarbon solution and this perfluorocarbon solution is dried. However, as long as 
these liquids are used, pattern bending cannot be eliminated, although it can be reduced, because all of these liquids 
have surface tensk»i to some extent. 

[0005] To solve this problem of pattern bending, it is necessary to use a rinse solution with a zero surface tension 
or to first replace a rinse solution by a liquid having a zero surface tension and then dry this liquid. A supercritical fluid 
is an example of the liquid with a zero surface tension. This supercritical fluid is a gas at a temperature and a pressure 
exceeding the critical temperature and the critical pressure, respectively, and has solubility close to that of a liquid. 
However, the supercritical fluid has tension and viscosity close to those of a gas and hence can be said to be a liquid 
keeping a gaseous state. Since this supercritical fluid dose not form any liquid/gas interface, the surface tension is 
zero. Accordingly, when drying is performed in this supercritical state, there is no surface tension, so no pattern bending 
takes place. Carbon dioxide is generally used as this supercritical fluid. Since cariaon dioxide has low critical points 
(7,3 MPa, 31"C) and is chemically stable, it Is already used as a critical fluid in biological sample observations. 
[0006] Conventionally, supercritical drying using the supercritical state of cartson dioxide Is done as follows. That is, 
liquefied cartoon dioxide Is previously introduced into a predetermined processing vessel to replace a rinse solutbn by 
repeatedly discharging the solution. After that, the processing vessel is heated to a temperature and a pressure higher 
than the critical points, changing the liquefied carbon dioxide in the vessel into supercritical cartoon dioxide. Finally, 
while only this supercritical carbon dioxide adheres to fine patterns, the vessel is evacuated to vaporize the supercritical 
carbon dioxide and thereby dry the pattem. 

[0007] Supercritical drying apparatuses marketed or manufactured so far to perform the supercritical drying as de- 
scrtoed above have the structure as shown in Fig. 19. In this supercritical drying apparatus, a carbon dioxide cylinder 
1903 is connected to a reaction chamber 1901 as a processing vessel for holding a substrate 1902 to be processed. 
A temperature controller 1904 controls the internal temperature of the reaction chamber 1901. In this supercritical 
drying apparatus, after supercritical carbon dbxide is supplied to replace a rinse solution, this supercritical cariaon 
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dioxide is exhausted at a given flow rate by a flow meter 1 905. No pressure adjustment Is performed during liquefaction 
and supercritical carbon dioxide processing. The pressure depends upon the amount of liquefied carbon dioxide. There- 
fore, the pressure after heating is increased to be much higher than the critical pressure by supplying liquefied carbon 
dioxide as much as possible. Additionally, to supply a sufficient amount of liquefied carbon dioxide. It is necessary to 
cool the reaction chamber 1901 to the extent that moisture aggregates. 

[0008] Conventionally, this apparatus is used In resist pattern formation, particularly drying after rinsing, as follows. 
This drying method will be explained below. First, the substrate 1902 to be processed is rinsed and placed in the 
reaction chamber 1901. In this state, the rinse solution Is still adhered on the substrate 1902. After that, a liquid of 
carbon dioxide is supplied from the cylinder 1 903 into the reaction chamber 1 901 heated to a predetermined temper- 
ature by the temperature controller 1 904, thereby replacing the rinse solution. Next, the interior of the reaction chamber 
1 901 is set at a temperature and a pressure exceeding the critical points to convert the liquefied carbon dioxide in the 
reaction chamber 1901 into supercritical carbon dioxide. After that, this carbon dioxide as a supercritical fluid is ex- 
hausted from the reaction chamber 1 901 to evacuate It, thereby vaporizing the supercritical carbon dioxide and drying 
resist patterns. 

[0009] It is also possible to supply dry ice (solid carbon dioxide) into the reaction chamber without using a cylinder. 
In this method, supercritical carbon dioxide is generated in the reaction chamber by heating the dry ice In the reaction 
chamber. 

[0010] Unfortunately, when these conventional supercritical drying apparatuses are used to dry after rinsing in resist 
pattern formation, resist patterns formed In a dried resist film swell and hence cannot be used as etching masks. 
[0011] When drying is performed as above, In the reaction chamber the pressure of the supercritical carbon dioxide 
is about 10 MPa. and is sometimes about 12 MPa. If components other than the carbon dioxide exist around the resist 
film in the reaction chamber 1 901 in this state, pattern swelling of the thin resist film occurs. More specifically, if moisture 
is condensed on the inner walls of the reaction chamber for forming supercritical carbon dioxide, the water thus formed 
is incorporated into pressurized supercritical carbon dioxide. When this high-pressure supercritical carbon dioxide 
diffuses into a thin resist film (organic material), the moisture incorporated in the sopercritical carbon dioxide also 
diffuses into the thin resist film and Is held inside thereof. Since this water contains carbon dioxide, this carbon dioxide 
dissolved In the water in the thin resist film vaporizes and abruptly increases the volume during drying, l.e., evacuation, 
thereby swelling the thin resist film. 

[0012] The present inventors investigated the moisture in resist which causes resist pattem swelling and found that, 
as shown In Fig. 20, a resist contains a large amount of moisture in supercritical drying using the conventional super- 
critical drying apparatus. Fig. 20 is a graph showing the results (thennal desorptlon spectra) of analyses of gases of 
molecules (water molecules) having a mass number of 18 released from a thin resist film. A curve (a) in Fig. 20 indicates 
the result before supercritical drying, and a cun/e (b) indicates the result after supercritical drying using supercritical 
carbon dioxide at a pressure of 10 MPa. As is apparent from Fig. 20, the thin resist film contains a larger amount of 
water after supercritical drying than before. That is, when supercritical drying is done by the conventional method, 
water is incorporated Into a thin resist film. 

[0013] As described above, when resist patterns are formed using a supercritical fluid by the conventional method, 
no fine patterns can be accurately formed owing to pattem swelling and the like. 

Summan^ of the Invention 

[0014] It is, therefore, a principal object of the present invention to accurately form fine patterns by using a supercritical 
fluid without any pattem bending or pattern swelling. 

[0015] To achieve the above object, according to one aspect of the present invention, a resist pattem layer having 
a predetermined pattem is formed from a resist film of an organic material fonned on a substrate. A rinse process is 
performed by exposing the resist pattern layer to a rinse solution. Before the rinse solution sticking to the resist pattem 
layer dries out, the resist pattem layer is exposed to supercritical carbon dioxide having a pressure of 8.5 MPa or less. 
After that, the supercritical carbon dioxide is vaporized by lowering the pressure of the ambient of the substrate. 
[001 6] This arrangement suppresses the entrance of moisture into the resist pattern layer exposed to the supercritical 
carbon dioxide. 

[0017] According to another aspect of the present invention, a pattern formation apparatus comprises a closable 
reaction chamber in which a substrate to be processed is placed, supply means for supplying supercritical carbon 
dioxide Into the reaction chamber, pressure control means for controlling the Internal pressure of the reaction chamber, 
and tenrperature control means for controlling the intemal temperature of the reaction chamber. 
[0018] With this arrangement, carbon dioxide already made supercritical is supplied into the reaction chamber. 
[0019] According to still another aspect of the present invention, a resist pattern layer having a predetermined pattern 
is formed from a resist film of an organic material formed on a substrate. A rinse process is performed by exposing the 
resist pattern layer to a rinse solution. Before the rinse solution sticking to the resist pattern layer dries out, the resist 
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pattern layer is exposed to a processing fluid not In gaseous state and having a predetermined density higher than in 
gaseous state or more. This processing fluid is a gas In steady state. Subsequently, the resist pattern layer is exposed 
to a supercritical fluid. After that, the supercritical fluid Is vaporized by lowering the pressure of the ambient of the 
substrate. 

[0020] Wrth this arrangement, the rinse solution is replaced by the processing fluid and removed from the resist 
pattern layer. Also, the processing fluid is replaced by the supercritical fluid and removed from the resist pattern layer 
[0021] According to still another aspect of the present invention, a pattern fonmation apparatus comprises a closable 
reaction chamber In which a substrate to be processed is placed, first supply means for supplying, into the reaction 
chamber, a processing fluid not in gaseous state and having a predetermined density higher than in gaseous state or 
more, second supply means for supplying a supercritical fluid into the reaction chamber, pressure control means for 
controlling the internal pressure of the reaction chamber, and temperature control means for controlling the Internal 
temperature of the reaction chamber, wherein the processing fluid is a gas in steady state. 

[0022] With this arrangement, the processing fluid not in gaseous state and having a density higher than in gaseous 
state and the supercritical fluid are not generated in but supplied into the reaction chamber 

[0023] According to still another aspect of the present invention, a resist film of an organic material formed on a 
substrate is exposed to light. A solvent having developing properties is added to a processing fluid not in gaseous state 
and having a density higher than in gaseous state, a density at which the solvent uniformly mixes or more is set, and 
development is performed by exposing the exposed resist film to the processing fluid, thereby forming a resist pattem 
layer having a predetemrilned pattern on the substrate. This processing fluid is a gas in steady state. The resist pattem 
layer is exposed to a supercritical fluid having a pressure equal to or less than the pressure of the processing fluid. 
After that, the supercritical fluid is vaporized by lowering the pressure of the ambient of the substrate. 
[0024] With this arrangement, after development is perfomned by the solvent contained in the processing fluid, this 
processing fluid is replaced by the supercritical fluid and removed from the resist pattem layer In this way, development 
is stopped. 

[0025] According to still another aspect of the present invention, a resist film of an organic nnaterial formed on a 
substrate is exposed to light. The exposed resist flim is developed by exposing it to a polar processing fluid not in 
gaseous state and having a density higher than in gaseous state, thereby forming a resist pattern layer having a 
predetermined panern. This processing fluid Is a gas in steady state. The resist pattern is then exposed to a supercritical 
fluid. After that, the supercritical fluid is vaporized by lowering the pressure of the ambient of the substrate. 
[0026] With this arrangement, after development is performed using the polar processing fluid, this processing fluid 
Is replaced by the supercritical fluid and removed from the resist pattern layer In this manner, development Is stopped. 

Brief Description of the Drawings 

[0027] 

Fig. 1 is a sectional view showing an outline of the arrangement of a pattern formation apparatus according to the 
flrst embodiment of the present invention; 

Fig. 2 is a graph showing the relationship between the pressure and density of supercritical carbon dioxide and 
the fltm thickness increase of a resist flIm; 

Fig. 3 is a sectional view showing an outline of the arrangement of a pattern formation apparatus according to the 
second embodiment of the present invention; 

Fig. 4 is a graph showing the relationship between the moisture amount and the film thickness increase of a resist 

film; 

Fig. 5 is a sectional view showing an outline of the arrangement of a portion of the pattern formation apparatus 
according to the second embodiment of the present inventton; 

Fig. 6 is a sectional view showing an outline of the arrangement of a portion of the pattem fonmation apparatus 
according to the second embodiment of the present Inventfon; 

Fig. 7 is a sectional view showing an outline of the arrangement of another pattem formation apparatus according 
to the second embodiment of the present invention; 

Fig. B is a sectional view showing an outline of the arrangement of still another pattern formation apparatus ac- 
cording to the second embodiment of the present invention; 

Fig. 9 is a sectional view showing an outline of the arrangement of still another pattem formation apparatus ac- 
cording to the second ennbodiment of the present invention; 

Fig. 10 is a sectional view showing an outline of the arrangement of still another pattern formation apparatus 
according to the second embodiment of the present invention; 

Fig. 11 is a sectional view showing an outline of the arrangement of still another pattern formation apparatus 
according to the second embodiment of the present inventton; 
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Figs . 1 2 A to 1 2E are views for explaining the steps of a pattern formation method according to the third embodiment 
of the present invention; 

Fig. 1 3 is a graph showing the reiationship between the processing time of low-pressure supercritical carbon dioxide 
and the film thickness increase of a resist film; 

Fig. 14 is a graph showing the relationship between the pressure and density of supercritical carbon dioxide; 
Fig. 15 is a graph showing the relationship between the composition ratio of carbon dfoxide and CHF3 and the 

critical pressure; 

Fig. 16 is a graph showing the relationship between the composition ratio of carbon dioxide and CHF3 and the 
critical temperature; 

Fig. 17 is a sectional view showing the state of pattern bending of fine patterns; 

Fig. 18 is a sectional view showing the state in which a rinse solution exists between fine patterns; 

Fig. 1 9 is a sectional view showing an outline of the arrangement of a conventional supercritical drying apparatus; 

and 

Fig. 20 is a graph lowing the results of analyses of gases of molecules (water molecules) having a mass number 
of 1 8 released from a thin resist film. 

Description of the Preferred Embodiments 

[0028] Embodiments of the present invention will be descrOsed in detail below with reference to the accompanying 
drawings. 

First Embodiment 

[0029] The first embodiment of the present invention will be described below. First, a supercritical drying apparatus 
according to this first embodiment will be explained. As shown in Fig. 1 . a substrate 102 is held in a reaction chamber 
101. A cylinder 103 of liquefied carbon dioxide is connected to the react'ion chamber 101 via a pump unit 104. The 
reaction chamber 101 also has an exhaust pipe 105. A valve 106 is inserted between the pump unit 104 and the 
reaction chamber 101. A pressure control valve 107 for automatically controlling the internal pressure of the reaction 
chamber 101 is attached to the exhaust pipe 105. A temperature controller 108 controls the intemal temperature of 
the reaction chamber 101 . 

[0030] A supercritical drying method according to the first embodiment using this supercritical drying apparatus with 
the above components will be described below. 

[0031] First, a thin resist film Is formed on the substrate 102 and exposed and developed by the known lithography 
techniques to form a resist pattern layer having a predetermined pattern shape on the substrate 102. Subsequently, 
the substrate 102 is rinsed and placed in the reaction chamber 101. After that, the reaction chamber 101 is closed, 
and liquefied carbon dioxide is supplied from the cylinder 103 into the reaction chamber 101. That is. the pump unit 
104 supplies by pressure a given amount of liquefied carbon dioxide, or carbon dioxide previously made supercritical 
by heating, into the reaction chamber 101. Consequently, the resist pattem layer fomiation surface of the substrate 
1 02 comes into contact with the liquefied carbon dioxide or supercritical carbon dioxide. This replaces the rinse solution 
remaining on the substrate 102 with the liquefied carbon dioxide or supercritical carbon dioxide. 
[0032] The pressure control valve 1 07 automatically controls the pressure of the carbon dioxide in the reaction cham- 
ber 101 to 7.38 to 8.5 MPa. changing the carbon dioxide In the reaction chamber 101 into a supercritical fluid. During 
this process, the temperature controller 1 08 controls the temperature of the substrate 1 02 and the intemal temperature 
of the reaction chamber 1 01 to 31 . 1 °C or more. Next, the control condition of the pressure control valve 107 is changed 
to exhaust the supercritical carbon dioxide from the reaction chamber 101, thereby evacuating the reaction chamber 
101 , vaporizing the supercritical carbon dioxide, and drying the substrate 102. 

[0033] In the supercritical drying method using this supercritical drying apparatus, the rinsed substrate 102 is proc- 
essed by supercritical cartjon dioxide as described above. Hence, even if the rinse solution remains between patterns 
of the resist pattern layer after the substrate 101 Is rinsed, this residual rinse solution is replaced with the supercritical 
carbon dioxide. After the substrate 102 thus comes into contact only with the supercritical cariaon dioxide, it is dried 
by vaporizing this supercritical carbon dioxide having a zero surface tension. Accordingly, no capillary force acts during 
drying, so no pattem bending of the resist pattern layer occurs. 

[0034] Additionally, in processing the supercritical carbon dioxide, the pressure of this supercritical carbon dfoxide 
in the reaction chamber 102 is set to 7.38 to 8.5 MPa. Therefore, pattern bending of the resist pattem layer can be 
suppressed as will be described below. This makes accurate formation of fine patterns feasible. 
[0035] Fig. 2 is a graph showing the relationship (closed squares) between the pressure of supercritical carbon 
dioxide and the film thickness increase (film swelling) of a thin resist film when drying was done with the supercritical 
carbon dioxide, and the relationship (solid line) between the pressure and density of the supercritical cartson dfoxide 
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during drying. 

[0036] As shown in Fig. 2, the higher the pressure of the supercritical carbon dioxide during drying, the larger the 
film swelling of the resist film. Also, the relationship between the pressure and density of the supercritical cark)on dioxide 
is in agreement with the relationship between the pressure of the supercritical carbon dioxide and the film swelling of 
the resist film. This indicates that the film swelling of the resist film is closely related to the density increase of the 
supercritical carbon dioxide. That is, when the density of the supercritical carbon dioxide increases, the solubility of 
water Increases to Increase the content of water in the supercritical carbon dioxide, and the water content in the su- 
percritical carbon dioxide increases with Increasing pressure of the supercritical carbon dioxide. Therefore, when the 
pressure of the supercritical carbon dioxide increases, water is incorporated into the thin resist film correspondingly. 
As a consequence, the film swelling of the thin resist film increases. 

[0037] As can be seen from Fig. 2, when the pressure of the supercritical carbon dioxide drops from 8,5 MPa during 
drying, the film thickness increase abruptly reduces. Accordingly, the film thickness increase described above can be 
suppressed by setting the pressure of the supercritical carbon dioxide to 8.5 MPa or less. For example, when the 
pressure of the supercritical carbon dioxide is set at 8 MPa or less during drying, the film swelling of the thin resist film 
can be reduced to 1 nm or (ess. In the above first embodiment, the pressure of the supercritical carbon dioxide in the 
reaction chamber 101 is set to 7.38 to 8.5 MPa. However, as Fig. 2 shows, the pressure of the supercritical carbon 
dioxide in the reaction chamber 101 Is more preferably set to 7.4 to 7.5 MPa, i.e., set as close to the supercritical point 
as possible. This is so because in the supercritical state, the closer the pressure to the supercritical point the smaller 
the film thickness increase. The htemal temperature of the reaction chamber need only be 31.1**C or more. 
[0038] The method will be described in more detail below. 

[0039] As an example, a thin film of an electron-beam resist (ZEP-520) was formed on the substrate 1 02. A desired 
region was irradiated with an electron beam and developed at room temperature (23°C) with hexyl acetate to form a 
resist pattern layer in which predetermined patterns were formed. Subsequently, the substrate 102 was rinsed with 
ethanol. 

[0040] Immediately after that, the substrate -102 on which the resist pattern layer was thus formed was held in the 
reaction chamber 101 . Liquefied carbon dioxide from the cylinder 103 was previously heated by a heater (not shown) 
to 35" C to thereby form supercritical carbon dioxide, and this supercritical carbon dioxide was supplied by pressure 
into the reaction chamber 1 01 by the pump unit 104. At the same time, the internal pressure of the reaction chamber 
101 was adjusted to 7.5 MPa by the pressure control valve 107 to change the carbon dioxide in the reaction chamber 
101 into a supercritical fluid. Through these steps, the ethanol rinse solution remaining on the substrate 102 was 
discharged as it was replaced with the supercritical carbon dioxide. 

[0041] After that, the internal pressure of the reaction chamber 101 was reduced at a rate of 0.4 MPa/min to vaporize 
the supercritical carbon dioxide and dry the substrate 102. 

[0042] Consequently, fine pattems of the resist pattern layer were formed in a good condition without any bending 
or swelling. 

[0043] As another example, a thin film of an electron-beam resist (polymethylmethacrylate: PMMA) was formed on 
the substrate 102. A desired region was irradiated with an electron beam and developed at room temperature (23°C) 
with hexyl acetate to form a resist pattern layer in which predetenmined pattems were formed. Subsequently, the sub- 
strate 102 was rinsed with 2-propanol. 

[0044] Immediately after that, the substrate 102 on which the resist pattern layer was thus formed was held in the 
reaction chamber 101. Liquefied carbon dioxide from the cylinder 103 was supplied by pressure into the reaction 
chamber 101 by the pump unit 104. The internal pressure of the reaction chamber 101 was adjusted to 8 MPa by the 
pressure control valve 107. While the carbon dioxide was supplied at 8 MPa. the temperature of the reaction chamber 
101 was set to 31 I^C or more to change the liquefied cartjon dioxide in the reaction chamber 101 into a supercritical 
fluid. Through these steps, the 2-propanol rinse solution remaining on the substrate 102 was replaced with the liquefied 
carbon dioxide and exhausted as carbon dioxide in the form of a supercritical fluid. 

[0045] After that, the intemal pressure of the reaction chamber 101 was reduced at a rate of 0.4 MPaAnin to vaporize 
the supercritical carbon dioxide and dry the substrate 102. 

[0046] Consequently, fine pattems of the resist pattern layer were formed in a good condition without any bending 
or swelling. 

[0047] In the above embodiment, ethanol and 2-propanoI were used as rinse solutions. However, rinse solutions are 
not restricted to these materials. Also, although ZEP-520 and PMMA were used as resists, it is also possible to use 
another electron-beam resist, a photoresist, or an X-ray resist. 

Second Embodiment 

[0048] The second embodiment of the present invention will be described below. In the above first embodiment, 
drying is performed using a sup rcritlcal fluid at a pressure as close to the critical point as possible. However, as will 
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be explained below, a supercritical fluid can also be used at higher pressures. 

[0049] A supercritical drying apparatus of this second embodiment will be described below. As shown in Fig. 3, a 
substrate 302 is held in a reaction chamber 301. A liquefied carbon dioxide cylinder 303 is connected to the reaction 
chamber 301 via a pump unit 304 and a parallel^nnected heating means 305 and cooling means 306. The reaction 
chamber 301 also has an exhaust pipe 307. A flow meter 308 and a pressure adjuster 309 are connected to the exhaust 
pipe 307. 

[0050] Valves 31 1 and 31 2 are connected to the exits of the heating means 305 and the cooling means 306, respec- 
tively. The reaction chamber 301 has a valve 313 on the cylinder 303 side and a valve 314 on the exhaust pipe 307 
side. The reaction chamber 301 also has a temperature controller 321 for controlling the internal temperature of the 
reaction chamber 301 . 

[0051] A supercritical drying method according to the second embodiment using this supercritical drying apparatus 
with the above components will be described below. 

[0052] First, a thin resist film is fomied on the substrate 302 and exposed and developed by the known lithography 
techniques to form a resist pattern layer having a predetermined pattern shape on the substrate 302. Subsequently 
the substrate 302 is rinsed and placed in the reaction chamber 301. After that, the reaction chamber 301 is closed', 
and carbon dioxide from the cylinder 303 is supplied into the reaction chamber 301 after being pressurized by the 
pump unit 304 and cooled by the cooling means 306. In this manner, the carbon dioxide is liquefied in the reaction 
chamber 301 The rinse solution on the substrate 302 is replaced with this liquefied carbon dioxide. Thus liquefying 
the carbon dioxide in the reaction chamber 301 is equivalent to supplying liquefied carbon dioxide into the reaction 
chamber 301 without cooling it. For example, when the reaction chamber 301 is at about 20»C. carbon dioxide supplied 
into the reaction chamber 301 liquefies if the internal pressure is set to approximately 6 MPa. In this way the pressure 
capable of holding the carbon dioxide liquefied is held by the pressure adjuster 309, and in this state discharge and 
replacement of the rinse solution are performed. The pressure adjuster 309 is not particularly limited as long as it has 
an automatic pressure valve. 

[0053] After the-rlnse solution is replaced with the liquefied caibon dioxide as above, the carbon dioxide from the 
cylinder 303 is pressurized by the pump unit 304 and heated by the heating means 305 to generate supercritical carbon 
dioxide. This supercritical carbon dioxide is supplied into the reaction chamber 301. At the same time, the reaction 
chamber 30 1 is heated to 32'C by the temperature controller 321 so as to be able to hold the supercritical state In the 
reaction chamber 301 . Thus the supercritical carbon dioxide is supplied into and exhausted from the reaction chamber 
301 . i.e., is allowed to flow through the reaction chamber 301 , thereby replacing and exhausting the liquefied carbon 
dioxide. Finally, the supply of the supercritical carbon dioxide is stopped, and the reaction chamber 301 is evacuated 
to exhaust the supercritical carbon dioxide and complete the drying process. This evacuation rate need only have a 
value with which the flow rate of the exhaust fluid, observable by the flow meter 308, is about 0.5 to 2 liters per min. 
[0054] In this second embodiment as described above, the liquefied carbon dioxide is supplied into the reaction 
chamber 301 while being pressurized by the pump unit 304. i.e., is already at the critical pressure. Accordingly, the 
supercritical state can be set only by short-time heating by the heating means 305. Also, since the reaction chamber 
301 need not be cooled, adhesion of water caused by condensation is suppressed. 

[0055] Pattern swelling of a resist pattern layer In supercritical drying and the existence of moisture and the like will 
be described below. 

[0056] The problem encountered when the supercritical liquid described in the aforementioned prior art is used arises 
because components other than the supercritical liquid exist in a processing vessel (reaction chamber) for performing 
processing. For example, if a rinse solution such as alcohol remains even slightly in the processing vessel, the pres- 
surized supercritical liquid incorporates this rinse solution and diffuses on formed patterns. Consequently, the surface 
tension of the residual rinse solution acts during drying. 

[0057] In additran, when the object to be dried is an organic substance such as resist patterns, If water is present as 
a component other than the supercritical liquid, this water is Incorporated into the pressurized supercritical liquid, dif- 
fused in a fine film of a resist pattern layer, and held in it. In this case, a gas as the supercritical liquid is also confined 
together with the water in this resist film. Therefore, when the processing vessel is evacuated to vaporize the super- 
crrtical liquid, the gas confined in the resist film vaporizes to greatly increase Its volume, resulting in pattem swelling 
of the resist pattem layer. 

[0058] Fig. 4 shows the relationship between the moisture amount in 30 L of carbon dioxide released from inside a 
processing vessel and the film thickness increase of a resist film, when carbon dioxide was used as a supercritical 
liquid. As Is evident from Fig. 4, as the moisture amount increases, the film thickness of the resist film increases. Since 
the film thickness increase must be reduced to 1 nm or less, the moisture amount in 30 L of carbon dioxide must be 
reduced to at least 1 mg or less. Also, the state in which moisture enters a resist when drying is performed by using 
the supercrrtical state as In the prior art, as is also shown in Fig. 22. Is confirmed by the results of measurements done 
by thermal desorption spectroscopy (TDS), 

[0059] To solve these problems, it Is only necessary to reduce the amounts of the rinse solution and moisture re- 



EP 0 992 852 A2 



maining in the processing vessel, to the extent that no problems arise, before the supercritical liquid is used. 
[0060] In the conventional supercritical drying apparatus, a substrate to be processed is placed In a reaction chamber 
(processing vessel) cooled to some extent, and a liquid of carbon dioxide Is supplied. This is becaus if the interior of 
the reaction chamber is not cooled, carbon dioxide in liquid state cannot be directly supplied from a cylinder For this 
reason, the inner walls of the cooled reaction chamber easily adsorb moisture by condensation. So. it is Impossible to 
avoid adsorption of moisture to the Inner walls of the reaction chamber. 

[0061] By contrast, in this second embodiment, carbon dioxide already made supercritical as it is pressurized by the 
pump unit 304 and heated by the heating means 305 is supplied Into the reaction chamber 301. To hold this carbon 
dioxide supercritical, the Interior of the reaction chamber 301 is set at a temperature higher than the critical temperature 
(31 "^C) by the temperature controller 321 . Therefore, it is unlikely that the inner walls of the reaction chamber adsorb 
moisture owing to condensation or the like. 

[0062] Additionally, the solubility of water in supercritical carbon dioxide is much lower than that in liquefied carbon 
dioxide. Accordingly, mixing of water inside the reaction chamber 301 can be suppressed by supplying cartoon dioxide 
already made supercritical into the reactran chamber 301 . rather than by making liquefied carbon dioxide supercritical 
in the reaction chamber 301 . 

[0063] In fact, when a thin resist film In which no patterns were formed was processed by supplying carbon dioxide 
already made supercritical, the film thickness increase of this thin resist film was 1 nm or less. i.e., the film thickness 
remained almost unchanged. 

[0064] As supercritical carbon dioxide has low solubility in the rinse solution, if it Is simply introduced onto the sub- 
strate processed with the rinse solution, it cannot be replaced well and the substrate dries with the rinse solution 
remaining thereon. Hence, this method cannot solve the problem associated with the surface tension of the rinse 
solution. 

[0065] When a liquid having high solubility in both of a rinse solution and a supercritical fluid is used to replace the 
rinse solution and then this liquid is replaced with the supercritical fluid, processing can be performed without leaving 
the rinse solution. This liquid having high solubility in both a rinse solution and a supercritical fluid is liquefied carbon 
dioxide, as explained in the supercritical drying method of this second embodiment. 

[0066] In the second embodiment as described above, liquefied cartwn dbxide is supplied into the reaction chamber 
301 to replace/exhaust a rinse solution, and then supercritical carbon dioxide is supplied into the reaction chamber 
301 to replace/exhaust the liquefied carbon dioxide. Consequently, adsorption of moisture caused by condensation or 
the like is suppressed in the reaction chamber 301. Also, most moisture in the reactfon chamber 301 is replaced/ 
exhausted by the liquefied carbon dioxide processing. Since the substrate Is dried using the supercritical carbon dioxide 
with almost no moisture present as described above, this second embodiment can suppress pattern swelling of a resist 
pattem layer. 

[0067] In the second embodiment, it is necessary to almost completely replace/exhaust the liquefied carbon dioxide 
by the supply of the supercritical carbon dioxide such that no liquefied carbon dioxide remains. This is because if the 
reaction chamber is evacuated to dry with liquefied carbon dtoxide remaining after the supply of the supercritical carton 
dioxide, moisture dissolved in the residual liquefied carbon dioxide brings about pattem swelling of a pattem resist 
layer. Note that the pressure when the supercritical carbon dioxide Is supplied can be any pressure within the range 
in which the supercritical state is obtained. However, the pressure is preferably adjusted to be as close to the critical 
point as possible. 

[0068] To efficiently replace/exhaust liquefied carbon dioxide in which moisture is dissolved by supercritical carbon 
dioxide, it is possible to use a structure which allows these liquid and fluid to flow from the upper portion to the lower 
portion as shown in Fig. 5 or 6. 

[0069] Referring to Fig. 5. for example, a supply hole 501 is formed in the center of the upper surface of the reaction 
chamber 301. Also, the exhaust pipe 307 is connected to the center of a funnel-shaped bottom surface of the reaction 
chamber 301. A perforated plate 502 having a plurality of holes is placed Immediately below the supply hole 501 in 
the reaction channber 301. This alk>ws liquefied carbon dioxide or the like, supplied into the reaction chamber 301 
through the supply hole 501 , to reach the substrate 302 after passing through many holes scattered in the entire area 
of the perforated plate 502. As a consequence, a liquid or fluid such as liquefied carbon dioxide can be supplied more 
uniformly to the entire surface of the substrate 302. 

[0070] In Fig. 5, the surface of the substrate 302 is set to be perpendicular to the flowing direction of a liquid or fluid. 
However, as shown in Fig. 6, this surface of the substrate 302 can also be set to be parallel to the flowing direction of 
a liquid or fluid. If this is the case, even when a plurality of substrates 302 are held in the reaction chamber 301 , a liquid 
or fluid uniformly comes in contact with the surfaces of these substrates 302. 

[0071] In the above second embodiment, as shown in Fig. 3, the cooling means 306 is used to efficiently supply 
liqijefied carbon dioxide into the reaction chamber 301 . and the heating means 305 is used to efficiently supply super- 
critical carbon dioxide. However, the present invention is not limited to this arrangement. 

[0072] As depicted in Fig. 7. supercritical carbon dfoxide processed by a heating means 705 can be cooled into 
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liquefied carbon dioxide by the cooling means 306. Note tliat the same reference numerals as in Fig. 3 denote the 
same parts in Fig. 7. 

[0073] As shown in Fig. 8. to supply liquefied carbon dtoxide to the reaction chamber 301, this liquefied carbon 
dioxide is supplied from the cylinder 303 to the reaction chamber 301 while being simply pressurized by the pump unit 
304. To supply supercritical carbon dioxide to the reaction chamber 301, the heating means 305 heats the liquefied 
carbon dioxide so that the liquefied carbon dioxide can be easily made supercritical, and this liquefied carbon dioxide 
is supplied to the reaction chamber 301 . The pressure adjuster 308 adjusts the internal pressure of the reaction chamber 
301 to tum the supplied liquefied carbon dioxide Into supercritical carbon dioxide. In the apparatus shown in Fig. 8. it 
Is also possible to supply carbon dioxide made supercritical by heating by the healing means 305 and tum this supplied 
supercritical carbon dioxide into liquefied carbon dioxide by allowing the temperature controller 321 to control the 
intemal temperature of the reaction chamber 301 . In this case, an effect similar to that described above can be obtained 
although the liquefaction takes time. Note that the same numerals as in Fig. 3 denote the same parts in Fig. 8. 
[0074] Tofurther reduce water adsorbed to the reaction chamber 301 . development or rinsing need only be performed 
In the reaction chamber 301 . The following method is particularly effective when an organic solvent such as alcohol Is 
used as a rinse solution. 

[007S] In this method, any of supercritical drying apparatuses shown in Figs. 9. 10, and 11 is used. The supercritical 
drying apparatus shown In Fig. 9 includes a chemical supply means 901 in addition to the components of the super- 
critical drying apparatus Illustrated in Fig. 3. This chemical supply means 901 supplies a developer, a rinse solution, 
and the like into the reaction chamber 301. Analogously, the supercritical drying apparatus shown in Fig. 10 includes 
a chemical supply means 1001 In addition to the components of the supercritical drying apparatus shown in Fig. 7. 
Also, the supercritical drying apparatus depicted in Fig. 11 includes a chemical supply means 1101 in addition to the 
components of the supercritical drying apparatus shown in Fig. B. 

[0076] In any of these supercritical drying apparatuses Illustrated in Figs. 9 to 11 , a latent image is formed in a resist 
film on the substrate 302 by exposure. This substrate 302 is held in the reaction chamber 301. The chemical supply 
means 901 supplies a developer Into tho reaction chamber 301 to develop the resist film on the substrate 302 in the 
reaction chamber 301. After the developer is exhausted from the exhaust pipe 307, the chemical supply means 901 
supplies a rinse solutran into the reaction chamber 301 to rinse the developed substrate 302. After this rinse solution 
Is exhausted from the exhaust pipe 307. the substrate 302 Is dried by liquefied carbon dioxide and supercritical carbon 
dioxide as described above. 

[0077] In the above method, even If moisture adheres to the inner walls of the reaction chamber 301 , this moisture 
dissolves in the rinse solution and is exhausted together with the rinse solution. Accordingly, almost no moisture is 
present in the reaction chamber when the liquefied carbon dioxide processing is performed. 

[0078] Also, when development, rinsing, and drying are performed in the same reaction chamber 301 as described 
above, it is possible to avoid the problem that the rinse solution dries while a substrate to be processed is transported 
into the reaction chamber 301 after the rinse process. Note that each of the chemical supply means 901. 1001. and 
1 101 can supply a plurality of chemicals, or a plurality of chemical supply means can be prepared to supply different 
chemicals such as a developer and a rinse solution. 

[0079] Additionally, adsorption of moisture can be suppressed by coating the inner walls of the reaction chamber 
301 with a fluorocarbon resin. When neither liquefied cariaon dioxide nor supercritical carbon dioxide is supplied, en- 
trance of moisture into the reaction chamber 301 can be prevented by supplying dried nitrogen gas or the like into the 
reaction chamber 301. This effectively suppresses moisture adsorption in the reaction chamber 301, 
[0080] Practical examples of this second embodiment will be described below. 

[0081] In the first example, the supercritical drying apparatus of Fig. 9 was used to form a resist pattern layer using 
ZEP-520 as an electron-beam resist. 

[0082] First, a ZEP-520 coaling film was fonmed on a predetemiined substrate 302 and exposed into a desired pattern 
by an electron beam to form a latent image. The exposed substrate 302 was placed in the reaction chamber 301 , and 
the reaction chamber 301 was closed. At room temperature (23°C), the film was developed by supplying xylene from 
the chemfcal supply means 901 into the reactfon chamber 301 . Consequently, the exposed latent image was patterned 
to form a resist pattern layer having fine patterns on the substrate 302. After the xylene in the reaction chamber 301 
was exhausted through the exhaust pipe 307, the resist pattern layer was rinsed by supplying 2-propanol from the 
chemical supply means 901 Into the reactran chamber 301. With the reaction chamber 301 filled with this 2-propanol 
as a rinse solution, liquefied carbon dioxide was supplied into the reaction chamber 301 to replace/exhaust the rinse 
solution. More specifically, carbon dioxide from the cylinder 303 was pressurized by the pump 304 and supplied through 
the cooling means 306 for cooling to 10»C. At the same time, the exhaust amount from the reaction chamber 301 was 
adjusted by the pressure adjuster 309 attached to the exhaust pipe 307. setting the intemal pressure of the reaction 
chamber 301 to 7.5 MPa. In this manner, the liquefied carbon dioxide was supplied into the reaction chamber 301. 
[0083] As described above, the liquefied carbon dioxide was supplied into the reactbn chamber 301 and exhausted 
from the exhaust pipe 307 to well replace/exhaust the 2-propanol as a rinse solutton. After that, supercritical carbon 
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dioxide was supplied into the reaction chamber 301 to replace and exhaust the liquefied carbon dioxide in the reaction 
chamber 301 . That is. carbon dioxide from the cylinder 303 Is pressurized by the pump 304 and supplied while being 
heated by the heater 305. At the same time, the exhaust amount from the reaction chamber 301 was adjusted by the 
pressure adjuster 309 attached to the exhaust pipe 307 setting the internal pressure of the reaction chamber 301 to 
7.5 MPa. In addition, the internal temperature of the reaction chamber 301 was set at 35*C by the temperature controller 
321 . This allows the supplied supercritical carbon dioxide to stay supercritical In the reaction chamber 
[0084] After the liquefied carbon dioxide in the reaction chamber 301 is completely replaced/exhausted as described 
above, the internal pressure of the reaction chamber 301 was gradually lowered to vaporize the supercritical carbon 
dioxide and dry the substrate 302 on which the resist pattern layer was formed. More specifically, while the internal 
temperature of the reaction chamber 301 was held at 35«C by the temperature controller 321. the internal pressure of 
the reaction chamber 301 was gradually lowered by changing the control by the pressure adjuster 309 such that the 
carbon dioxide exhaust amount from the exhaust pipe 307 was 0.5 liter per min. 

[0085] As a consequence, a good resist panem layer was fomied on the substrate 302 without any pattem bending 
or pattern swelling. 

[0086] Supercritical drying according to the second embodiment can also be used to form fine patterns made from 
an inorganic substance. 

[0087] The fornnation of fine patterns made from an inorganic substance will be described below. A resist pattem 
layer formed by the known lithography technique was used as a mask to etch a silicon substrate 302 by using an 
aqueous potassium hydroxide solution as an etching solution. The etched substrate 302 was washed with water and, 
before being dried, placed in the reaction chamber 301 filled with ethanol, and the reaction chamber 301 was closed. 
[0088] Next, the temperature of the reaction chamber 301 was kept at 23*C. and carbon dioxide was supplied as 
liquefied carbon dioxide to exhaust the ethanol. After that, supercritical carbon dioxide was supplied to well replace 
the liquefied carbon dioxide. At the same time, the pressure was set at 8 MPa and the temperature was raised to 35*C 
to form a complete supercritical state. After that, while the temperature was held at 35*0, the supercritical carbon 
dioxide was released at a rate of Miter/min to complete drying of the substrate 302 in the reaction charriber 301. As 
a consequence, good fine patterns having no pattem bending were formed on the substrate 302. 

Third Embodiment 

[0089] The third embodiment of the present invention will be described bekjw. 

[0090] In the above first and second embodiments, supercritical carbon dioxide is used in drying after development 
and rinsing. However, supercritical carbon dioxide can also be used in development. Conventionally, techniques using 
supercrilical fluids in development have been developed. However, supercritical fluids such as carbon dioxide hardly 
dissolve normally used resist films and hence cannot be directly used as developers. Therefore, improvements have 
been conventionally made to make resist development possible by addition of a solvent to a supercritical fluid. Unfor- 
tunately, when a solvent Is simply added to a supercritical fluid, the solvent merely disperses in the form of droplets, 
so uniform development is impossible. When a high-pressure supercritical fluid is used, the solvent can be homoge- 
neously added, and this makes unlfomn development feasible. However, even when development is done by using this 
high-pressure supercritical fluid, film swelling occurs if moisture containing the supercritical fluid enters the formed 
patterns. 

[0091] In this third embodiment, therefore, fine patterns were formed without any film swelling or pattem bending by 
performing development and drying as follows. 

[0092] First, as shown In Fig. 1 2-A, a resist film 1 202 about 1 00 nm thick made from polymethylmethacrylate or ZEP- 
520 was formed on a substrate 1201. 

[0093] Next, as shown in Fig. 12-B. desired patterns having a line wWlh of 100 nm or less were formed by exposure 
in this resist film 1202 to fomrt a latent image 1202a. 

[0094] As depicted in Fig. 1 2-C, the patterns were developed using high-pressure supercritical carbon dioxide 1 203, 
to which a dissolving assistant such as ketone or alcohol was added and which had a pressure higher than the super- 
critical pressure, thereby forming a resist pattem layer 1 204 on the substrate 1 201 . For example, this Is done by holding 
a substrate 302 on which the latent image was formed in a reaction chamber 301 of the supercritical drying apparatus 
shown in Fig. 9, supplying supercritical carbon dioxide at high pressure into the reaction chamber 301. and adding the 
dissolving assistant, pressurized by a chemical supply means 901 , into this supercritical carbon dioxkJe being supplied. 
In this case, the chemical supply means 901 must have a function of supplying the dissolving assistant while pressu- 
rizing it. 

[0095] As this dissolving assistant, methylisobutylketone can be mixed at a ratio of methylisobulylketone : high- 
pressure supercritical carbon dioxide = 5 : 100 (volume ratio). Instead of high-pressure supercritical carbon dioxide, 
liquefied carbon dbxide is also usable. If this is the case, methylisobutylketone is mixed at a rato of 
methylisobutylketone : liquefied carbon dioxide = 5 : 100 (volume ratio). When liquefied carbon dioxide is used. ZEP- 
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520 Is developed for about 20 min by setting the internal pressure of the reaction chamber to about 14 MPa and the 
internal temperature to 35*C. Likewise, methylmethacrylate is developed for about 5 min by setting the intemal pressure 
of the reaction chamber to about 12 MPa and the intemal temperature to 23°C. 

[0096] By developing using high-pressure supercritical carbon dioxide or liquefied carbon dioxide in this way, as 
shown in Fig. 1 2-C, moisture 1 205 In which supercritical carbon dioxide and carbon dioxide are dissolved Is incorporated 
into the resist pattern layer 1204. 

[0097] Next, as depicted in Fig. 12-D, the substrate 1201 is rinsed as it is exposed to low-pressure supercritical 
carbon dioxide 1206 having a pressure near the supercritical point, thereby efficiently stopping the development. That 
is, the high-pressure supercritical carbon dioxide is replaced with/exhausted by the low-pressure supercritical carbon 
dioxide. At the same time, the moisture 1205 incorporated into the resist pattern layer 1204 shown in Fig, 12-C is 
expelled by the processing using the low-pressure supercritical carbon dioxide. As a consequence, the moisture is 
removed from the resist pattern layer 1204. This rinse process is done for about 30 min by holding the reaction chamber 
Intemal temperature at 35**C. setting the reaction chamber Intemal pressure to 7.5 MPa, and supplying only supercritical 
carbon dioxide as a pressurized fluid. 

[0098] The low-pressure supercritical carbon dioxide 1206 is released from the reaction chamber to lower the ambient 
pressure of the substrate 1201. Consequently, as shown in Fig. 12-E, the substrate 1201 on which the resist pattern 
layer 1 204 is formed is dried without any pattem bending or swelling of the resist pattem layer 1 204. For example, this 
release of the low-pressure supercritical carbon dioxide 1206 is performed at 1 liter/min while the reaction charnber 
internal temperature Is held at 35®C. 

[0099] In the pattern formation method explained above, the pattern is developed by using a high-pressure super- 
crrtlcal fluid to which a dissolving assistant is added. Therefore, when compared with the case where the pattern is 
developed simply using a supercritical fluid, the dissolving rate during development can be Increased. Also, compared 
with development using a common developer, the amount of a chemical used can be reduced. 

[0100] Also, a high-pressure supercritical fluid is used, so development progresses in a high<lensity state. This 
prevents the added- dissolving assistant from dispersing in the form of droplets and thereby allows homogeneous 
addition of the dissolving assistant. Consequently, development can be uniformly performed. 

[0101] After this development, the substrate is rinsed using a low-pressure supercritical fluid pressure of which is 
close to the critical point. Hence, moisture and the like incorporated into the resist pattem layer by development using 
the high-pressure supercritk:al fluid can be removed. This suppresses pattern swelling during drying. Also, rinsing is 
naturally done using a supercritical fluid with a zero surface tension, so no pattem bending occurs. From the foregoing, 
this third embodiment can form good nano-order pattems. 

[0102] Development can also be performed using liquefied carbon dioxide to which the dissolving assistant is added, 
instead of the high-pressure supercritical carbon dioxide to which the dissolving assistant is added. If this is the case, 
rinsing and drying are performed using supercritical carbon dioxide subsequently to the deve topment. When the proc- 
esses are performed in this way however, the processing temperature in the rinsing process must be changed from 
that in the developing process. 

[0103] When development is perfomied using this liquefied carbon dioxide, it is possible to mix the dissolving as- 
sistant more easily and add the dissolving assistant to the liquefled carbon dioxide more homogeneously than when 
supercritical carbon dioxide is used. This allows more uniform development. 

[0104] According to the experiments by the present inventors, the homogeneity of addition of the dissolving assistant 
to cartjon dioxide changes as follows In accordance with the density of the carbon dioxide. 

[0105] In the case of supercritical carbon dioxide at a temperature of 35°C, the homogeneity of dissolving assistant 
addition was good both when the density was 0.85 and 0.75 g/cm^. By contrast, the homogeneity of dissolving assistant 
addition was slightly poor when the density was 0.70 g/cm^, and was poor when the density was 0.60 g/cm^. 
[0106] In the case of liquefied carbon dioxide at a temperature of 25*0. the homogeneity of dissolving assistant 
addition was good both when the density was 0.85 and 0.80 g/cm^. By contrast, the honnogensity of dissolving assistant 
addition was poor when the density was 0.70 g/cm^. 

[0107] As these experimental results show, regardless of whether supercritical carbon dioxide or liquefied carbon 
dioxide is used in development, a density of at least 0.7 g/cm^ or more is necessary to homogeneously add the dis- 
solving assistant. The density of supercritical carbon dioxide or liquefied carbon dioxide Is preferably 0.75 g/crn^ or 
more and, more preferably, 0.8 g/cm^ or more. 

[01 08] To raise the density of supercritical carbon dioxide to 0.7 g/cm^ or more. It is necessary to set the temperature 
and pressure of the supercritical carbon dioxide to 3rc and 8.5 MPa, respectively. If the temperature is higher, the 
carbon dioxide cannot be maintained supercritical without raising the pressure. To set the density of supercritical carbon 
dioxide or liquefied carbon dioxide to about 0.8 g/cm^. the pressure must be 12 MPa or more for supercritical carbon 
dioxide and 10 MPa or more for liquefied carbon dioxide. 

[0109] In this third embodiment, the substrate Is finally dried after the supercritical cari^on dioxide processing. As 
shown In Fig. 13. as the time of this supercritical carbon dioxide processing prolongs, the film swelling suppressing 
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effect enhances. Fig. 13 shows the correlation between the processing time and the film thickness increase when a 
resist film processed with 8.5-MPa high-pressure supercritical carbon dioxide was successively processed with 
7.5-MPa low-pressure supercritical carbon dfoxide. As shown in Fig. 13. the film thickness increase ot the resist film 
wad reduced as the time of processing using the low-pressure supercritical carbon dioxide the temperature ot which 
was close to the critical point was prolonged, "nits indicates that processing using low-pressure supercritical carbon 
dioxide having low density and not containing moisture has an effect of expelling moisture entering the resist film. This 
phenomenon occurs regardless of the pressure of carbon dioxide used in the initial processing. This obviously dem- 
onstrates that, as shown in Fig. 12-D. the rinse process using the low-pressure supercritical carbon dioxide 1206 can 
expel moisture from the resist pattern layer 1204. 

Fourth Embodiment 

[0110] The fourth embodiment of the present invention will be described below. 

[0111] Supercritical carbon dioxide is easy to use because Its critical pressure is low, so carbon dioxide is used as 
a supercritical fluid in most instances. However, supercritical carbon dioxide has low density and low polarity and hence 
has low compatibility with alcohol, particularly alcohol containing water, used as a developer or a rinse solution. There- 
fore, it is not easy to rapidly replace a rinse solution containing ateohol with supercritical carbon dioxide. 
[0112] This problem of density, however, can be solved by raising pressure. Fig. 14 shows the relationship between 
the pressure and the density (p) of supercritfcal carbon dioxide. As shown in Fig. 14. the density can be increased wHh 
the pressure. 

[0113] On the other hand. If the density of supercritical carbon dfoxide Is 0.7 g/cm or more, preferably, 0.75 g/cm^ 
or more, satisfactory compatibility can be attained between the supercritical carbon dioxide and alcohol. Accordingly, 
a pressure of 10 MPa or more is required. In other words, alcohol used as a rinse solutbn can be replaced with/ 
exhausted by the use of supercritical carbon dioxide of 10 MPa or more. However, as described previously, when 
supercritical carbon dioxide of 10 MPa-or more is used, moisture is absorbed in the supercritical carbon dioxide to 
produce the cause of pattern swelling. This moisture in patterns can be expelled, after the processing using this high- 
pressure supercritical carbon dioxide, by replacing it with low-pressure supercritksal carbon dioxide having a pressure 
close to the critical point. 

[0114] This will be explained by taking actual pattern formation as an example. 

[0115] First, a thin film of an electron-beam resist (ZEP-520) was formed on a substrate. A desired region was irra- 
diated with (exposed to) an electron beam and devetoped at room temperature (23"C) with hexyl acetate to form a 
resist pattem layer. Subsequently, the substrate was rinsed with ethanol. 

[0116] Immediately after that, the substrate on which the resist pattem layer was formed was held in a reaction 
chamber The internal temperature of this reaction chamber was set at SS'^C. and 12-MPa supercritical carbon dfoxide 
was supplied by pressure into the reaction chamber by a pump, thereby replacing/exhausting the ethanol as a rinse 
solution sticking to the surfaces of the substrate. 

[0117] After that, 7.5-MPa supercritical carbon dioxide was introduced into the reaction chamber and kept supplied 
tor 20 min while the internal pressure of the reactton chamber was held at 7.5 MPa. 

[0118] Finally, the pressure of the supercritical carbon dioxide in the reaction chamber was reduced at a rate of 0.4 
MPa/min to dry the substrate. 

[01 1 9] Consequently, a resist pattern layer In which fine patterns were formed was formed on the substrate in a good 
conditfon without any pattem bending or pattem swelling. 

Fifth Embodiment 

[0120] The fifth embodiment of the present Invention will be described below. 

[0121] The problem of supercrifical carbon dfoxide as a nonpolar supercritical fluid described in the above fourth 
embodiment can be solved by the use of supercritical states of polar substances presented below. 



Polar substance 


Critical temperature (""C) 


Critical pressure (MPa) 


NgO 


36.5 


7.3 


SO4 


157.2 


7.9 


CCIFg 


28.8 


4.0 


CHFg 


25.9 


4,8 



[0122] Since these substances are polar molecules, they well mix with polar solvents such as alcohol and also have 
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compatibility with water. 

[01 23] Accordingly, a rinse solution can be efficiently replaced by the use of any of these polar-molecule supercritical 
fluids. After replacing the rinse solution, the substrate can be dried by reducing the pressure of this supercritical fluid 
to atmospheric pressure. However, if the resist used dissolves in this polar supercritical fluid, the polar critical fluid can 
be used in the form of a mixture with carbon dioxide. If this Is the case, when the rinse solution is completely replaced 
the mixture is switched to the supercritical carbon dioxide alone, and the substrate is dried by reducing the pressure 
of this supercritical carbon dioxide to the atmospheric pressure. 

[0124] Fig. 15 shows the relatbnship between the composition ratio and the supercritical pressure when supercritical 
CHF3 and supercritical carbon dioxide were mixed. Fig. 16 shows the relationship between the composition ratio and 
the supercritical temperature when supercritical CHF3 and supercritical carbon dioxide were mixed. Figs. 15 and 16 
imply that the critical pressure and the critical temperature continuously change with the composition ratio. Therefore, 
the supercritical state can be generated with no problem by mixing these polar molecules with carbon dioxide. 
[0125] This will be described below by taking actual pattern formation as an example. 

[0126] First, a thin film of an electron-beam resist (SAL-610) was formed on a substrate. A desired region was irra- 
diated with (exposed to) an electron beam and developed at room temperature {23''C) with an aqueous tetramethyl- 
ammoniumhydroxide solution to form a resist pattern layer. Subsequently, the substrate was rinsed (washed) with water. 
[0127] Immediately after that, the substrate on which the resist pattern layer was formed was held in a reaction 
chamber The intemal temperature and internal pressure of this reaction chamber were set at 30»C and 10 MPa, 
respectively. In this state, a supercriticai fluid that was N2O : cartx>n dioxide =1:1 was supplied by pressure into the 
reaction chamber by a pump to replace/exhaust ethanol as a rinse solution sticking to the surfaces of the substrate. 
Subsequently, the internal temperature of the reaction chamber was gradually raised to 35'C, and the supercritical 
fluid to be supplied was switched to supercritical carbon dioxide alone. This supercritical carbon dioxide was supplied 
for 10 min while the internal pressure of the reactfon chamber was held at 7.5 MPa. After that, the pressure of the 
supercritical carbon dioxide in the reaction chamber was reduced at a rate of 0.4 MPa/min to dry the substrate. 
[0128] -Consequently, a resist pattern layer in which fine patterns were formed was formed on the substrate in a good 
condition without any pattem bending or pattern swelling. 

Sixth Embodiment 

[0129] The sixth embodiment of the present invention will be described below. 

[0130] In the above fifth embodiment, rinse solutions were replaced with polar supercritical fluids. However, these 
polar supercritical fluids can be directly used in development. For example, in a positive resist the molecular weight of 
an exposed region bwers. A polar supercritical fluid can dissolve this low-molecular- weight exposed region. Since an 
unexposed region is left behind without being dissolved, a resist pattem layer can be formed. 

[0131] When this polar supercritical fluid is replaced with a nonpolar supercritical fluid such as carbon dioxide after 
that, this nonpolar supercritical fluid functions as a rinse solution. After that, the substrate can be dried with no pattern 
bending by vaporizing the nonpolar fluid by reducing its pressure. Also, if rinsing is done with a nonpolar fluid having 
a pressure close to the critical point, no pattern swelling occurs. 
[0132] This will be described below by taking actual pattern formation as an example. 

[0133] First, a thin flim of an electron-beam resist (PMMA) was formed on a substrate, and a desired region was 
Irradiated with (exposed to) an electron beam. The substrate was held in a reaction chamber at Sff'C. The internal 
pressure of this closed reaction chamber was set at 10 MPa, and a CHF3 supercritical fluid was supplied by pressure 
into the reaction chamber by a pump to develop the resist film formed on the substrate. After that, the supercritical fluid 
was switched to supercritical carbon dioxide, and this supercritical carbon dioxide was supplied to the reaction chamber 
for 10 min while the internal pressure of the reaction chamber was held at 7.5 MPa. The substrate was then dried by 
reducing the pressure of the supercritical carbon dk>xlde in the reaction chamber at a rate of 0.4 MPaAnin. 
[01 34] Consequently, a resist pattern layer in which fine patterns were formed was formed on the substrate in a good 
condition without any pattem bending or pattem swelling. 

[0135] In the above first to sixth embodiments, electron-beam resists such as PMMA and ZEP-520 are used as 
resists. However, similar effects can be obtained when resists, such as an X-ray resist, made from organic materials 
are used. Also, in the above first to sixth embodiments alcohols and water are used as rinse solutions. However, rinse 
solutions are not restricted to these materials. Although each embodiment uses a supercritical fluki having a zero 
surface tension, it is only necessary to use a substantially critical fluid (substance). If a fluW to be used Is substantially 
supercritical, its surface tension is substantially zero, so effects similar to those explained in the above embodiments 
can be obtained. For example, while pressure is being controlled to be close to the critical point, it is difficult to just 
exceed the critical temperature and the critical pressure at any instant; during the control, a state below the critical 
point partially exists. However, even if this state below the critical point partially exists, the surface tension of even this 
portton is substantially zero. So. this portion can also be said to be a substantially supercritical fluid. 
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[0136] As has been described above, in a pattern formation method of the present Invention, a resist pattern layer 
having a predetermined pattem is formed from a resist film of an organic material formed on a substrate. A rinse process 
Is perfomied by exposing the resist pattem layer to a rinse solution. Before the rinse solution sticking to the resist 
pattem layer dries out, the resist pattem layer is exposed to supercritical carbon dioxide having a pressure of 8.5 MPa 
or less. After that, the supercritical carbon dioxide is vaporized by lowering the pressure of the ambient of the substrate. 
[01 37] This arrangement suppresses the entrance of moisture into the resist pattern layer exposed to the supercritical 
carbon dioxide. Consequently, the present invention can effectively form, by using a supercritical fluid, a resist pattem 
layer in which fine patterns are accurately formed without any pattern bending or pattem swelling. 
[0138] A pattern formation apparatus of the present invention comprises a closable reaction chamber in which a 
substrate to be processed is placed, supply means for supplying supercritical caribon dioxide into the reaction chamber, 
pressure control means for controlling the Internal pressure of the reaction chamber, and temperature control means 
for controlling the internal temperature of the reaction chamber. 

[0139] With this arrangement, carbon dioxide already made supercritical is supplied into the reaction chamber. This 
suppresses the production of moisture due to condensation In the reaction chamber Also, since the pressure control 
means controls the pressure of this supercritical carbon dioxide, the entrance of moisture Into the organic substance 
resist pattern layer is suppressed. Consequently, the present invention can effectively form, by using a supercritical 
fluid, a resist pattem layer in which fine patterns are accurately formed without any pattern bending or pattem swelling. 
[0140] In another pattern formation method of the present invention, a resist pattem layer having a predetermined 
pattem is formed from a resist film of an organic nnaterial fonmed on a substrate. A rinse process is performed by 
exposing the resist pattern layer to a rinse solution. Before the rinse solution sticking to the resist pattern layer dries 
out, the resist pattem layer is exposed to a processing fluid not in gaseous state and having a predetermined density 
higher than in gaseous state or more. This processing fluid is a gas in steady state. Subsequently, the resist pattem 
layer is exposed to a supercritical fluid. After that, the supercritical fluid is vaporized by lowering the pressure of the 
ambient of the substrate. 

[0141] With this arrangement, the rinse solution is replaced by the proc*jssing fluid and removed from the resist 
pattem layer Also, the processing fluid Is replaced by the supercritical fluid and removed from the resist pattern layer. 
That is, at the stage of the supercritical fluid processing, no rinse solution sticks to the resist pattern layer, so the 
entrance of moisture into the organic substance resist pattem layer is suppressed. Consequently, the present Invention 
can effectively form, by using a supercritical fluid, a resist pattern layer in which fine pattems are accurately formed 
without any pattern bending or pattem swelling. 

[0142] Another pattern formation apparatus of the present invention comprises a closable reaction chamber in which 
a substrate to be processed is placed, first supply means for supplying, Into the reaction chamber, a processing fluid 
not in gaseous state and having a predetermined density higher than in gaseous state or more, second supply means 
for supplying a supercritical fluid into the reaction chamber, pressure control means for controlling the internal pressure 
of the reaction chamber, and temperature control means for controlling the internal temperature of the reaction chamber, 
wherein the processing fluid is a gas in steady state. 

[0143] With this arrangement, the processing fluid not in gaseous state and having a density higher than in gaseous 
state and the supercritfcal fluid are not generated In but supplied Into the reaction chamber. This suppresses the pro- 
duction of moisture due to condensation in the reaction chamber Also, since the pressure control means controls the 
pressure of this supercritical carbon dioxide, the entrance of moisture into the organic substance resist pattem layer 
is suppressed. Consequently, the present invention can effectively form, by using a supercritical fluid, a resist pattern 
layer in which fine patterns are accurately formed without any pattern bending or pattem swelling. 
[0144] In still another fonmatlon method of the present invention, a resist film of an organic material formed on a 
substrate is exposed. A solvent having developing properties is added to a processing fluid not in gaseous state and 
having a density higher than in gaseous state, a density at which the solvent homogeneously mixes or more is set, 
and the exposed resist film is developed by exposing it to the processing fluid, thereby forming a resist pattem layer 
having a predetermined pattem on the substrate. This processing fluid is a gas In steady state. The resist pattern layer 
is exposed to a supercritical fluid having a pressure equal to or less than the pressure of the processing fluid. After 
that, the supercritical fluid is vaporized by lowering the pressure of the ambient of the substrate. 
[0145] With this arrangement, after development Is performed by the solvent contained in the processing fluid, this 
processing fluid is replaced by the supercritical fluid and removed from the resist pattem layer In this way, devoloprnent 
is stopped. That is, at the stage of the rinse process, only the supercritical fluid sticks to the resist pattem layer, so the 
entrance of moisture Into the organic substance resist pattem layer Is suppressed. Consequently, the present Invention 
can effectively form, by using a supercritical fluid, a resist pattem layer in which fine pattems are accurately formed 
without any pattern bending or pattem swelling. 

[0146] In still another pattern formation method of the present inventton, a resist film of an organic material formed 
on a substrate is exposed. The exposed resist film is developed by exposing it to a polar processing fluid not in gaseous 
state and having a density higher than In gaseous state, thereby forming a resist pattem layer having a predetermined 
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pattern. This processing fluid Is a gas In steady state. The resist pattern is then exposed to a supercritical fluid. After 
that, the supercritical fluid is vaporized by lowering the pressure of the ambient of the substrate. 
[0147] With this arrangement, after development Is perfonmed using the polar processing fluid, this processing fluid 
is replaced by the supercritical fluid and removed from the resist pattern layer. In this manner, development is stopped. 
That is, at the stage of the rinse process, only tlie supercritical fluid sticks to the resist pattern layer, so the entrance 
of moisture into the organic substance resist pattern layer Is suppressed. Consequently, the present invention can 
effectively form, by using a supercritical fluid, a resist pattern layer in which fine patterns are accurately formed without 
any pattern bending or pattern swelling. 



Claims 

1 . A pattem formation method characterized by comprising the steps of: 

forming a resist pattern layer having a predetermined pattern from a resist film of an organic material formed 
on a substrate; 

performing a rinse process by exposing said resist pattem layer to a rinse solution; 

supplying supercritical carbon dioxide having a pressure of not more than 8.5 MPa to an ambient of said 
substrate, after the rinse process and before the rinse solution sticking to said resist pattern layer dries out, 
thereby exposing said resist pattern layer to said supercritical carbon dioxide; and 
vaporizing said supercritical carbon dioxide by lowering a pressure of the ambient of said substrate. 

2. A method according to claim 1 , characterized in that said supercritical carbon dioxide is used at a pressure of not 
more than 8 MPa. 

3. A pattem formation apparatus characterized by comprising: 

a closable reaction chamber (101) In which a substrate (102) to be processed is placed; 
supply means (104) for supplying supercritical carbon dioxide into said reaction chamber (101); 
pressure control means (107) for controlling an internal pressure of said reaction chamber (101); and 
temperature control means (108) for controlling an internal temperature of said reaction chamber (101) to a 
predetermined temperature. 

4. An apparatus according to claim 3 or 4, characterized in that the predetermined temperature is within a range in 
whk;h no moisture condensation occurs in said reaction chamber (101). 

5. An apparatus according to claim 3, characterized in that inner walls of said reaction chamber (101 ) are covered 
with a fluorocarbon resin. 

6. A pattem formation method characterized by comprising: 

the first step of forming a resist pattem layer having a predetermined pattern from a resist film of an organic 
material formed on a substrate; 

the second step of performing a rinse process by exposing said resist pattem layer to a rinse solution; 

the third step of supplying, to an ambient of said substrate, a processing fluid not in gaseous state and having 

not less than a predetermined density higher than in gaseous state, before the rinse solution sticking to said 

resist pattern layer dries, thereby exposing said resist pattem layer to said processing fluid; 

the fourth step of subsequently supplying a supercritical flukJ to the ambient of said substrate to expose said 

resist pattern layer to said supercritical fluid; and 

the fifth step of vaporizing said supercritical fluid by lowering a pressure of the ambient of said substrate, 
wherein said processing fluid is a gas in steady state. 

7. A method according to claim 6. characterized In that 

liquefied carbon dioxide is used as said processing fluid, and 
supercritbal carbon dioxide is used as said supercritical fluid. 

8. A method according to claim 6, characterized in that 
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a high-pressure supercritical fluid having not less than a predetermined pressure is used as said processing 
fluid, and 

in the fourth step a supercritical fluid the pressure of which is lower than the pressure of said high-pressure 
supercritical fluid is used. 

9. A method according to claim 8. characterized In that 

said high-pressure supercritical fluid has a density of not less than 0.7 g/cm^, and 

in the fourth step said resist pattern is exposed to a supercritical fluid having a pressure of not more than 8 5 
MPa. 

10. A method according to clainn 6, characterized by in that a polar supercritical fluid Is used as said processing fluid, 

11. A pattern formation apparatus characterized comprising: 

a closable reaction chamber (301) in which a substrate (302) to be processed is placed; 

first supply means (304, 306) for supplying, into said reaction chamber (301 ). a processing fluid not in gaseous 

state and having not less than a predetermined density higher than in gaseous state; 

second supply means (304, 305. 705) for supplying a supercritical fluid into said reaction chamber (301); 

pressure control means (308, 309) for controlfing an internal pressure of said reaction chamber (301); arid 

temperature control means (321) for controlling an internal temperature of said reaction chamber (301) to a 

predetermined temperature, 

characterized in that said processing fluid is a gas in steady state. 

12. An apparatus according to claim 11 , characterized in that 

said first supply means (304. 306) supplies liquefied carbon dioxide, and 
said second supply means (304. 305, 705) supplies a supercritical fluid. 

13. An apparatus according to claim 11 or 12. characterized in that the predetermined temperature is within a range 
in which no moisture condensation occurs in said reaction chamber (301 ). 

14. An apparatus according to any one of claims 11 to 13. characterized in that inner walls of said reaction chamber 
(301 ) are covered with a fluorocarbon resin. 

15. A pattem formation method characterized by comprising: 

the first step of exposing a resist film of an organic material fomied on a substrate; 

the second step of adding a solvent having developing properties to a processing fluid not in gaseous state 
and having a density higher than in gaseous state, setting not less than a density at which said solvent uniformly 
mixes, and perfonning development by exposing said exposed resist film to said processing fluid, thereby 
forming a resist pattem layer having a predetermined pattem; 

the third step of supplying a supercritical fluid having a pressure not more than a pressure of said processing 
fluid to an ambient of said substrate, thereby exposing said resist pattern layer to said supercritical fluid; and 
the fourth step of vaporizing said supercritical fluid by lowering the pressure of the ambient of said substrate. 

characterized in that said processing fluid is a gas in steady state. 

16. A method according to claim 15. characterized in that liquefied carbon dioxide having a density of not less than 
0.7 g/cm^ is used as said processing fluid. 

17. A method according to claim 1 5. characterized In that supercritical carbon dioxide having a density of not less than 
0.7 g/cm^ is used as said processing fluid. 

18. A pattem formation method characterized by comprising: 

the first step of exposing a r sist film of an organic material fonned on a substrate; 
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the second step ot performing development by exposing said exposed resist film to a processing fluid not in 
gaseous state and having a density higher than in gaseous state, thereby forming a resist pattern layer having 
a predetemnined pattern; 

the third step of supplying a supercritical fluid to an ambient of said substrate to expose said resist pattern 
layer to said supercritical fluid; and 

the fourth step of vaporizing said supercritical fluid by lowering a pressure of the ambient of said substrate, 
characterized in that said processing fluid is a gas in steady state. 

19. A method according to claim 18, characterized in that said processing fluid is a polar supercritical fluid. 

20. A method according to claim 19, characterized in that in the second step, supercritical carbon dioxide is added to 
said polar supercritical fluid. 

21. An apparatus according to any one of claims 11 to 14, characterized by further comprising liquid supply means 
(901, 1001 , 1101) for adding a liquid solvent to said reaction chamber (301). 

22. An apparatus according to any one of claims 11 to 14, characterized by further comprising liquid supply moans 
(901, 1001, 1101) for adding a liquid solvent to said processing fluid not in gaseous state and having a density 
higher than in gaseous state. 
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